Introduction
The Irish Sea herring (Clupea harengus) fishery (ICES Division VIIa, North) was first assessed in the 1970s on the assumption that there were two unit stocks: Manx and Mourne . Although the two stocks were assessed separately, the area was managed as a unit, and a combined total allowable catch (TAC) was imposed. In 1982, it was decided that it was not possible to assess the Manx and Mourne stocks separately, and a combined assessment has been carried out since then . In recent years, the stock has been assessed by Integrated Catch Analysis (ICA), a method that requires age-disaggregated catch data and survey tuning indices (Patterson and Melvin, 1996) . However, the assessment has not been endorsed because of poor precision in the estimates of fishing mortality and spawning-stock biomass (SSB; ICES, 2004 ICES, , 2008 .
Armstrong and Roel (ICES, 2004) , examining the results from acoustic surveys of Irish Sea herring, concluded that the estimates of numbers-at-age used to calibrate the ICA assessment were internally inconsistent and not sufficiently informative to serve as a tuning index for an age-structured assessment, primarily because the age composition is based on relatively few midwatertrawl hauls. Although the SSB estimated from the numbers-at-age in the survey correlated poorly with the corresponding ICA estimates from the assessment, the age-aggregated total biomass estimates for 1-ring and older herring were strongly correlated with the ICA series.
Results from larval drift studies and from otolith microstructure analysis (Brophy and Danilowicz, 2002) suggest that nursery grounds in the Irish Sea are used by a mixture of fish from both the Manx and the Mourne autumn-spawning populations, and by a third group representing autumn-or winter-spawned herring from the Celtic Sea. This last group drift into the Irish Sea as larvae, and return to the Celtic Sea as 1-and 2-ringers. This introduces an additional complication to the interpretation of acoustic signals, because all three stocks are apparently well mixed and the proportion of Celtic Sea juveniles varies from year to year (Burke et al., 2009) .
Simulation studies have shown that more reliable estimates of the quantities of interest to management may be obtained from biomass-based models rather than from more complex approaches (Ludwig and Walters, 1985; Punt, 1993) , particularly in cases where age/size-composition data are inconsistent. We adapt a biomass model developed by Roel and Butterworth (2000) has similarities to catch survey analysis (Mesnil, 2003) in being designed for cases in which the information required to undertake a full age-structured assessment is lacking or unreliable, but a "recruit" stage can be distinguished easily from a "fully recruited" stage (into which older ages are lumped), and time-series of abundance indices are available for both stages. More recently, a two-stage biomass-based state-space model using Bayes estimation was developed for the Bay of Biscay anchovy (Ibaibarriaga et al., 2008) .
The presence of juvenile Celtic Sea herring in both the survey and the catch data increases the uncertainty in the assessment of the Irish Sea stock. In the absence of a Celtic Sea recruitment index, the biomass model addresses the problem by limiting recruitment variability in Irish Sea herring based on information available for other herring stocks. Moreover, the variance associated with the recruit survey data is divided into two components: (i) variability related to Irish Sea herring; and (ii) the balance, which includes variability related to the presence of Celtic Sea herring. Our goals are to assess the current status of Irish Sea herring, irrespective of limitations in the data, as well as to quantify the additional variance introduced by the presence of juvenile Celtic Sea herring in both the survey area and on the fishing grounds.
Material and methods

Data
The model was fitted to biomass indices of 1-ring fish and to aggregated biomass indices for 2-ring and older herring from the Northern Ireland acoustic surveys. The survey agecomposition data and the weights-at-age from the catch were used to calculate the weight proportion of 1-ring fish in the survey (ICES, 2008) . The proportion was then applied to the total acoustic biomass to compute the 1-ring biomass index (recruit stage); the 2+ index (fully recruited stage) was obtained by subtraction. The catch-by-weight was split in a similar manner, but based on commercial catch samples.
The model
The biomass dynamics take into account only the recruit stage (index 1) and the fully recruited stage (index 2+) and are represented by
where B refers to biomass (in tonnes), y to the start of year, C y to the biomass of fish caught (in tonnes) during year y (assumed to be taken in a pulse fishery three-quarters of the way through year y), and g is a composite parameter, treated as an annual rate, which accounts for natural mortality and growth.
Fitting criteria
Maximum likelihood estimation was used for fitting, assuming that survey indices are lognormally distributed about their expected values. Based on the delta method (Seber, 1982; Kirkwood and Sterne, 2003) , standard deviations of the logdistributions are approximated by the sampling CVs of the untransformed distributions. The negative log-likelihood function to be minimized is
where q corresponds to the catchability associated with survey indices I 1,y and I 2+,y , and s y 2 accounts for the survey sampling CV. In the first term of the likelihood, corresponding to the recruits, the residual variance has another component (l 2 ) to account for the additional uncertainty introduced by the presence of Celtic Sea recruits in I 1,y , which is another estimable parameter. The survey CV value is calculated from the 15-min acoustic interval estimates within strata and is assumed to be the same for both I 1 and I 2+ .
The third term in the likelihood is used to constrain the variability in the recruitment estimates using auxiliary information. This is done by equating s R to 0.4 and 0. 2 are included as search parameters in the minimization routine, because g is treated as an input parameter (fixed externally), whereas a closed-form solution is used to estimate q:
To investigate appropriate values for g, and in the absence of a suitable age-structured assessment for the Irish Sea herring (ICES, 2008), we estimated g a based on estimates of biomass-at-age (B a,y NS ) from the most recent assessment of North Sea herring (ICES, 2008) , and the landings (C a,y NS ) for the period 1960-2006 as
The distribution of g a (Figure 1 ) peaks at a value between 0.1 and 0.15, with mean g of 0.16. This value has been assumed to apply to the Irish Sea stock as well.
Two-stage biomass model for Irish Sea herring
The parameterization for a multidimensional search is structured in such a way that the search is actually performed over B 2+,1994 
This leads to a more orthogonal parameterization that allows the "scale" of recruitment to be encapsulated in a single parameter B 1,med , and recruitment variation to be estimated through B 1,1994 , . . . , B 1,2006 , ensuring a more efficient search process. The analysis was performed using AD Model Builder software (Otter Research Ltd), which provides estimates of precision and confidence intervals using Hessian-based and delta-method approximations.
Results
Results are presented for s R ¼ 0.4 and 0.8. The parameters g and q are confounded in the model, indicating that fixing g was appropriate. The likelihood profiles for the catchability parameter (Figure 2a ) suggest that q is well determined and that the estimate is not sensitive to the assumed value for s R .
Parameter estimates and their standard deviations are listed in Table 1 for the two fixed values of s R . The additional variance (l 2 ) estimates appear to be negatively correlated with s R (Figure 2b ), suggesting that these two parameters are confounded and cannot be estimated. Therefore, additional information on recruitment variability is required to resolve this issue. Note that the CVs associated with l 2 estimates are high. Although the likelihood suggests a better fit at low s R (Figure 2b ), the residuals also become larger (not shown). The difficulty of estimating both s R and l 2 provides support for fixing s R based on the dynamics of a well-studied herring stock such as North Sea herring.
Model fits to the biomass of recruits and the biomass of fully recruited fish for s R ¼ 0.4 and 0.8 indicate a marginally better fit to the data by the former option (likelihood ¼ 30.35 and 33.30, respectively). Constraining recruitment variability more (the s R ¼ 0.4 option) results in a higher additional variance, and greater weight is given in the likelihood to the term containing the 2+ biomass. If s R ¼ 0.8, the model fits the acoustic recruitbiomass estimates better, except for 1999 and 2006, where the model estimates a high recruit biomass in an attempt to fit the high 2000 and 2007 survey estimates of 2+ (Figure 3a and b) . ICA estimates of recruit biomass and 2+ biomass, tuned with the acoustic series only, are included in Figure 3 for comparison. ICA shows a generally poorer fit to both series. The ICA overestimate of recruitment in the last year is related to the low weight given to this age group in the fit.
A comparison between the estimates of total biomass (all ages combined) from the survey and from the two-stage biomass model for the two s R values is shown in Figure 3c two-stage model suggest that the stock has been relatively stable over the entire period, except for the substantial increase in biomass estimated in 2007. This acoustic biomass consists mainly of 1-and 2-ring fish, representing 69% and 21% of the biomass, respectively. Examination of the normalized residuals from the model fit to the data (Figure 4 ) reveals a fairly large residual from the fit to the recruit biomass for s R ¼ 0.4, and some pattern in the residuals. The fit to the fully recruited biomass shows less pattern in the residuals. No residual patterns about median recruit biomass were apparent. The CVs of the parameter estimates (Table 1) suggested slightly better precision for s R ¼ 0.4. Butterworth et al. (1993) , when facing similar choices for anchovy natural mortality, concluded that focusing on the "best" likelihood values did not necessarily lead to the most appropriate choice. Therefore, the run with s R ¼ 0.8 should not be discarded on that basis.
Discussion
Initial developments of the model presented (ICES, 2004) suggested that, given the amount of "independent" data and the number of estimable parameters (which, at that stage, included two catchability parameters), the two-stage biomass model was likely to be overparameterized. Also, the "independence" of the survey indices (1 vs. 2+) is questionable, because they come from the same survey. This would be compounding the problem of overparameterization. Hence, we attempted this more constrained model (i.e. not allowing the recruitments to vary so freely), with just one catchability parameter, to address that concern. A slightly better fit to the data was obtained when recruitment was constrained using information on variability of North Sea and Irish Sea herring recruitment (s R ¼ 0.4; Table 1), resulting in greater stock stability (Figure 3c ). However, herring productivity is highly variable over time (ICES, 2007) . In Two-stage biomass model for Irish Sea herring particular, estimates of number of recruits per spawner and of production suggested that Irish Sea herring exhibited a marked decline in productivity during the late 1970s and remained low since. There is a case for keeping s R within the range considered in this study: s R ¼ 0.8 corresponding to high long-term variability, and s R ¼ 0.4 to lower medium-term variability in herring recruitment.
Furthermore, the additional variance resulting from mixing of Celtic Sea and Irish Sea juveniles in the survey area was accounted for. The additional variance, although imprecise, represented a large component of the total variance associated with recruit survey data. Based on a mean survey CV of 0.35, the additional variance corresponds to 68 and 58% of the total variance associated with recruit survey data for s R ¼ 0.4 and 0.8, respectively. These figures indicate the advantage of using an approach that allows estimation of this variance rather than arbitrarily down-weighting recruitment, as carried out in ICA.
A slightly more complex alternative to the approach taken here would be to apply an age-structured production model (Butterworth et al., 1993) . Such an approach, which uses catch-at-age information, on the assumption that it is free from error, while aggregating the numbers-at-age to provide model fits to the biomass indices, could be considered in future. Its advantage would be to make full use of the catch-at-age information, particularly the presumably reliable data on adult herring, to backcalculate recruitment for a given cohort while still aggregating the survey data. ICES (1994) suggested an entirely different method, namely treating the Celtic Sea and Irish Sea stocks as a unit stock and combining the catch-at-age and survey data from the two areas. However, this would require either starting a new time-series covering the entire area of distribution of both stocks in the form of a single coordinated survey or trying to integrate and intercalibrate existing surveys. Another option would be to estimate the annual proportion of juveniles from the two stocks in the acoustic survey samples based on otolith characteristics (Burke et al., 2009) . If these proportions could be estimated with reasonable precision, this could present an alternative way forward.
This assessment is merely another step towards the goal of managing Irish Sea herring more efficiently. At present, uncertainty in the ICA assessment results in the perhaps overly conservative advice for a constant TAC. The biomass-based model results point at general stability in the biomass, with the possibility of a modest increase in recent years, suggesting that the stock is being fished lightly. We argue that the model provides more defensible estimates of stock biomass than ICA, because the method explicitly takes into account the uncertainty introduced by the presence of juvenile Celtic Sea herring in the area. Furthermore, our results suggest a better fit to the 2+ acoustic biomass than that given by ICA.
Interannual variation in the proportion-at-age estimated from catches and the acoustic survey was investigated by ICES (2007) . Year effects were evident in every age class but seemed consistent between both sets of data in the early period of the time-series. However, this consistency became uncoupled during 2000/2001. This was not the case for 2-ring herring, the most abundant age class in the population, where a contrasting pattern between the survey and the catch proportions-at-age was evident throughout the time-series. These effects would favour an assessment method that aggregates the 2+-ring fish into a single age class. In addition, there is evidence that interannual variation in migration and distribution of Irish Sea herring induces interannual variability in the selection pattern, violating the separability assumption held by ICA (ICES, 2007) .
In our opinion, the results highlight the possibility of performing simulation testing of more flexible harvest control rules for Irish Sea herring that are robust to the full range of uncertainty in the assessment by employing a biomass-based two-stage operating model.
